o n t @t@ recherchees en examinant l a n a t u r e de l a couche de s u r f a c e . La l i a i s o n hydrogene dans l a g l a c e q u i e n t r a i n e l a d i l a t a t i o n de 1 'eau d u r a n t l e g e l e t l a compression dans une d i r e c t i o n p e r p e n d i c u l a i r e dans l a couche s u p e r f i c i e l l e s o n t responsables des e f f e t s de f u s i o n p a r p r e s s i o n d s u r f a c e de l a glace. En prenant un modele de sphere r i g i d e avec un p o t e n t i e l i n t e r m o l 6 c u l a i r e a d d i t i f 1 l a puissance ( -i ) l a d i s t r i b u t i o n de p o t e n t i e l t o t a l a 6 t @ c a l c u l e e a i n s i que l a force i n t e g r e e 2 t r a v e r s l a s u r f a c e . I 1 a e t e montre que l a p r e s s i o n i n t e g r e e t o t a l e e s t p r o p o r t i o n n e l l e 1 l a puissance ( -i + 4 ) de l a profondeur e t l a temperat u r e de l a couche q u a s i -l i q u i d e e s t p r o p o r t i o n n e l l e 2 c e t t e puissance. La r e l at i o n e s t expos@e pour l e cas 013 i = 6. L ' e x i s t e n c e s p e c i f i q u e d'une couche q u a s i -l i q u i d e a St6 pr4vue dans l e cas des s o l i d e s s u b i s s a n t une f u s i o n p a r augm e n t a t i o n de p r e s s i o n .
A b s t r a c t -Mechanism o f l i q u i d -l i k e l a y e r f o r m a t i o n on i c e was pursued by Pxami n i n g t h e n a t u r e o f t h e s u r f a c e l a y e r . I t was found t h a t t h e hydrogen bond o f i c e which makes water expand upon f r e e z i n g and t h e compression i n t h e normal d i r e c t i o n w i t h i n t h e s u r f a c e l a y e r a r e r e s p o n s i b l e t o cause t h e pressure m e l ti n g e f f e c t on t h e i c e s u r f a c e . Assuming a r i g i d sphere model w i t h ( -i ) -t h power i n t e r m o l e c u l a r p o t e n t i a l and t h e a d d i t i v i t y , a scheme was developed t o compute t h e d i s t r i b u t i o n o f t h e t o t a l p o t e n t i a l and t h a t o f t h e i n t e g r a t e d f o r c e across t h e s u r f a c e . I t was shown t h a t t h e t o t a l i n t e g r a t e d pressure i s approximately p r o p o r t i o n a l t o t h e ( -i + 4 ) -t h power o f t h e depth and t h e tempe r a t u r e o f t h e l i q u i d -l i k e l a y e r i s p r o p o r t i o n a l t o t h i s power. The r e l a t i o ns h i p was shown f o r i = 6 case. Based on t h i s t r e a t m e n t , s p e c i f i c e x i s t e n c e o f t h e l i q u i d -l i k e l a y e r was p r e d i c t e d on p r e s s u r e -m e l t i n g s o l i d s .
I -INTRODUCTION
Existence o f e q u i l i b r i u m l i q u i d -l i k e l a y e r on t h e surface o f i c e has been a s u b j e c t o f i n v e s t i g a t i o n ever s i n c e Michael Faraday became engaged i n experiments f o r adhes i v e p r o p e r t i e s of i c e i n 1842 /I/. A number o f experimental evidences, though m o s t l y i n d i r e c t , have accumulated e v e r s i n c e /2, 3, 4, 5, 6, 7 , 8, 9, 10, 11/ . I t appears t h a t t h i s phenomenon i s r a t h e r unique w i t h t h e s o l i d phase o f water, i -e . , i c e .
To e x p l a i n e x i s t e n c e o f t h e l i q u i d -l i k e l a y e r , a number o f attempts have been made: Gurney /12/ t r i e d t o reason t h a t i t i s based on vacancies t h a t appear i n t h e s t r e s sf r e e s u r f a c e l a y e r of i c e which i s b e l i e v e d t o c o l l a p s e i n t o t h e l i q u i d form.
However, t h e vacancies a r e no more f a v o r a b l e w i t h t h e l i q u i d t h a n w i t h t h e s o l i d because i c e holds more volume than water. Weyl /13/ presented a d i f f e r e n t view based on an e l e c t r i c a l double l a y e r which he assumed t o possess t h e c h a r a c t e r i s t i c s o f l i q u i d l a y e r . H i s c o n t e n t i o n l a c k e d c o n v i c t i o n why t h e l a y e r has t o be l i q u i d -l i k e . F l e t c h e r /14, 15, 16/ f o r m u l a t e d a t h e o r y o f l i q u i d -l i ke l a y e r based on i n t e r a c t i o n s Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1987169 of various molecular e l e c t r i c f i e l d s and described q u a n t i t a t i v e l y the r e l a t i o n s h i p between the l a y e r thickness and t h e temperature. Lacmann and Stranski /17/ handled the l i q u i d -l i k e l a y e r based on complete w e t t a b i l i t y of water on ice, which was n o t experimentally substantiated /I/. These treatments do n o t lead t o the possible and exclusive existence o f the surface l a y e r on the s o l i d phase o f water substance. I n the meantime, based on the treatment o f Romkens and M i l l e r /18/, which considered pressure m e l t i n g i n i c e a t the i n t e r f a c e between mineral p a r t i c l e s , G i l p i n /19/ e s timated the temperature dependency o f the l a y e r thickness a t the i n t e r f a c e between i c e and a substrate b u t n o t i n the f r e e i c e surface.
I n t h i s paper, we s h a l l f i r s t examine the f o r c e balance and the r e l a t i o n s h i p among various thermodynamic energies w i t h i n t h e surface l a y e r o f ice. Then, applying an intermolecular p o t e n t i a l t o an i d e a l i z e d surface, we s h a l l describe t h e f o r c e o r t h e pressure a c t i n g normal t o the surface and the p o t e n t i a l a r i s i n g from it. F i n a l l y , t h i s pressure d i s t r i b u t i o n w i l l be used t o estimate t h e pressure m e l t i n g e f f e c t o f i c e i n the surface l a y e r o r t h e r e l a t i o n s h i p between the thickness o f the l i q u i dl i k e l a y e r and the temperature.
I 1 -THE SURFACE LAYER
A surface c a r r i e s an energy and a surface energy i s the energy t o form the surface. The surface may be created by separating a bulk. A f t e r t h e separation, the surface normally relaxes t o s e t t l e i n a lowest possible energy s t a t e . A f r e e energy t o form such a surface i s c a l l e d a surface f r e e energy o r surface tension.
L e t us consider an unrelaxed surface o f i s o t r o p i c condensed phase w i t h density d i sc o n t i n u i t y f o r s i m p l i c i t y . Place t h e x-axis and the y -a x i s i n the plane i n v o l v i n g centers o f the surface molecules and the z-axis i n the d i r e c t i o n perpendicular t o the plane p o i n t i n g i n s i d e the condensed phase. The b u l k o f a condensed phase holds a s t a t e of lowered intermolecular p o t e n t i a l s i n three d i r e c t i o n s .
I n the bulk, since i t i s i s o t r o p i c the p o t e n t i a l lowering i s the same i n every d i r e c t i o n . I n the surface l a y e r , h a l f o f the t o t a l lowering i s l o s t . The surface energy here, therefore, i s t h i s increase o f energy due t o formation of t h e unrelaxed surface w i t h t h e increase e q u a l l y assigned t o each d i r e c t i o n . According t o Bikerman /20/, t w o -t h i r d s o f t h i s t o t a l surface energy corresponds t o t h e surface f r e e energy. When t h i s surface i s created by separation, the f o r c e p r e v i o u s l y balanced i n a l l d i r e c t i o n s becomes unbalanced i n t h e z -d i r e c t i o n and t h i s f o r c e imbalance leads t o compression w i t h i n the surface l a y e r , being countered by the intermolecular r e p u l s i v e f o r c e due t o overlapping o f mplecular e l e c t r o n i c s h e l l s .
Water i s a r a t h e r special substance i n view o f the f a c t t h a t i t expands during f r e e z i n g due t o bulky hydrogen bond formation i n the s o l i d . Because o f t h i s nature, according t o Le Chatelier-Braun's law, i c e melts under pressure. This suggests a p o s s i b i l i t y o f d e s c r i b i n g the seemingly unique existence o f the l i q u i d -l i k e l a y e r on i c e from the pressure m e l t i n g e f f e c t . So, i n t r o d u c i n g an intermolecular p o t e n t i a l , we s h a l l evaluate the pressure i n the surface l a y e r o f i c e .
Intermolecular a t t r a c t i v e p o t e n t i a l s are given i n a sum o f the form @ = -Ar-'
(1) where A and i are constants, and @ sometimes depends on o t h e r f a c t o r s such as d i p o l e o r i e n t a t i o n . Here f o r s i m p l i c i t y , we disregard a l l f a c t o r s other than the distance between t h e molecular centers, r , and assume r i g
i d spheres f o r molecules and a d d i t iv i t y o f the a t t r a c t i v e p o t e n t i a l s . Since a d d i t i v i t y o f the p o t e n t i a l i s assumed, summation of d i f f e r e n t p o t e n t i a l s can be c a r r i e d o u t w i t h o u t any d i f f i c u l t y . So, we consider here the most dominant a t t r a c t i v e p o t e n t i a l o n l y and proceed. The f o r c e a r i s i n g from the p o t e n t i a l i s given by i t s d e r i v a t i v e , o r f = -& = d r We now have t o sum t h e z-component of t h e f o r c e i n t h e h a l f space w i t h i n t h e condensed phase. F i g u r e 1 i l l u s t r a t e s t h e computational system. The o r i g i n o f a cyl i n d r i c a l c o o r d i n a t e i s p l a c e d a t t h e c e n t e r o f one o f t h e s u r f a c e molecules and t h e r a d i a l d i s t a n c e i n t h e x-y plane i s expressed b y p , and t h e d i s t a n c e between t h e n e a r e s t two molecules by d.
, -----/ COMPENSATED PORTION Fig. 1 . Summation o f i n t e r m o l e c u l a r a t t r a c t i v e f o r c e s .
We t a k e t h e f o l l o w i n g scheme of f o r c e i n t e g r a t i o n . F i r s t , t h e x-component o f t h e f o r c e a c t i n g on t h e molecule a t t h e c o o r d i n a t e o r i g i n w i l l be i n t e g r a t e d w i t h r es p e c t t o p i n t h e e n t i r e space i n t h e condensed phase and expressed as a f u n c t i o n of z. The same procedure w i l l be r e p e a t e d f o r t h e succeeding molecules on t h e za x i s . Then, these forces w i l l a g a i n be p r o j e c t e d i n t o t h e z -a x i s o r i n t e g r a t e d i n t h e p -d i r e c t i o n , t o express t h e f o r c e d i s t r i b u t i o n i n t h e z -d i r e c t i o n . F i n a l l y , by i n t e g r a t i o n of t h e d i s t r i b u t i o n , we o b t a i n t h e i n t e g r a l d i s t r i b u t i o n o f t h e t o t a l f o r c e o r t h e pressure. I n t e g r a t i o n o f t h i s f o r c e a t t h e t o p o f t h e s u r f a c e l a e r g i v e s t h e t o t a l energy due t o t h e t o t a l f o r c e i n t h e z -d i r e c t i o n . As s t a t e d agove, t h i s energy should correspond t o t h e s u r f a c e t e n s i o n , t h e c o n s t a n t i n t h e express i o n can be estimated, and t h i s c o n s t a n t w i l l be used t o d e s c r i b e t h e i n t e g r a l f o r c e o r pressure d i s t r i b u t i o n i n t h e z -d i r e c t i o n . F i n a l l y , t h e pressure t e r m of t h e pressure m e l t i n g w i l l be a p p l i e d t o t h i s d i s t r i b u t i o n t o o b t a i n t h e h e i g h t and tempe r a t u r e r e l a t i o n s h i p o f t h e l i q u i d -l i k e l a y e r . I 1 1 -ESTIMATION OF THE LIQUID-LIKE LAYER
For t h e purpose o f f o r c e i n t e g r a t i o n , t h e space i n s i d e t h e condensed phase i s d i v ided i n t o two p a r t s ; a column o f r a d i u s d w i t h c e n t e r on t h e z -a x i s and t h e r e s t of t h e space. Since c o n t r i b u t i o n t o t h e f o r c e from t h i s column i s small, t h i s space w i l l be i g n o r e d f o r t h e r e s t o f t h i s treatment. As a l r e a d y mentioned, a t t h e end o f t h i s computation, t h e c o n s t a n t t e r m w i l l be e v a l u a t e d i n comparison w i t h t h e surface f r e e energy, o n l y t h e v a r i a b l e p a r t s o f i n t e g r a t i o n w i l l be handled. Fig. 1) where n i s t h e number o f molecules i n a u n i t volume. The i n t e g r a n d o f e x p r e s s i o n ( 3 ) g i v e s t h e f o r c e d i s t r i b u t i o n as a f u n c t i o n o f z. As can be seen i n F i g . 1, t h e d i s t r i b u t i o n F which i s t h e same as F , begins a t 0 = z / d = 3 p o s i t i o n s t a r t i n g from e = 3'6alue of b a s i c F distf%ution, and so on.
By d e s c r i b i n g t h e p o s i t i o n o f t h e molecule on t h e z -a x i s w i t h t h e f i r s t s u b s c r i p t and t h e d i r e c t i o n o f i n t e g r a t i o n w i t h t h e f o l l o w i n g ones, t h e t o t a l f o r c e a c t i n g on t h e molecule a t t h e c o o r d i n a t e o r i g i n i s g i v e n as (see

OPZ P r o j e c t i o n o f t h e v a r i a b l e p a r t o f t h i s d i s t r i b u t i o n i n t o t h e z -a x i s g i v e s a d i s t r ib u t i o n
Changing t h e summation i n t o i n t e g r a t i o n f r o m an average l o w e r l i m i t o f (2e + 3 ) / 4
and t a k i n g t h e v a r i a b l e p a r t o n l y , e x p r e s s i o n ( 4 ) becomes
The t o t a l i n t e g r a l f o r c e i n t h e z -d i r e c t i o n becomes, b y i n t e g r a t i n g e x p r e s s i o n ( 5 ) f o r l a r g e e o r 1 << e and r e p l a c i n g e w i t h z / d T h i s i s t o say t h a t , f o r z >> d, where B i s a constant. F d i s t r i b u t i o n by double numerical i n t e g r a t i o n o f express i o n ( 4 ) shows t h a t expreTsion ( 7 ) h o l d s w e l l w i t h t h e l a y e r f o r e = z/d > 4 b u t when e approaches u n i t y , t h e n u m e r i c a l l y i n t e g r a t e d values become s m a l l e r than exp r e s s i o n ( 7 ) .
The t o t a l p o t e n t i a l a r i s i n g from t h e f o r c e g i v e n b y e x p r e s s i o n ( 7 ) may be o b t a i n e d by i n t e g r a t i o n o f t h e expression t o t h e top-most l a y e r ;
As a l r e a d y discussed above, t h i s ET i s supposed t o correspond t o t h e s u r f a c e f r e e energy o f i c e o r uSG, where s u b s c r i p t s S and G s t a n d f o r s o l i d and gas, we have Since o i s an energy p e r u n i t area, a p p l i c a t i o n o f e q u a t i o n ( 9 ) t o e q u a t i o n ( 7 ) leads t 8 a r e l a t i o n s h i p ,
I V -PRESSURE MELTING
From t h e well-known thermodynamic t r e a t m e n t , t h e pressure t h a t lowers t h e m e l t i n g p o i n t o f i c e by AT i s g i v e n as where dp/dT = -1.35 x l o 7 N/m2K. Among i n t e r m o l e c u l a r a t t r a c t i v e p o t e n t i a l s , t h e one r e p r e s e n t e d by i = 6 i s o f t e n dominant. So, l e a v i n g d e t a i l e d compution i n v o lv i n g m w e a p p r o p r i a t e p o t e n t i a l s f o r t h e f u t u r e , we e s t i m a t e t h e r e l a t i o n s h i p between t h e t h i c k n e s s o f t h e l i q u i d -l i k e l a y e r and t h e f r e e z i n g p o i n t depression a p p l y i n 9 t h i s i = 6 p o t e n t i a l . S u b s t i t u t i n g p i n e q u a t i o n ( 1 1 ) w i t h t h a t i n equati o n ( 7 ) under t h e c o n d i t i o n g i v e n by e q u a t i o n (10) and u s i n g e q u a t i o n ( 9 ) w i t h d = 2.76 x 1 0 -l o m and oSG = 0.109 N/m, we have where z i s i n meters. F i q u r e 2 shows t h i s r e l a t i o n s h i p i n comparison w i t h t h a t Fig. 2 . Thickness o f t h e l i q u i d -l i k e l a y e r e s t i m a t e d as a f u n c t i o n o f m e l t i n g p o i n t depression e s t i m a t e d by F l e t c h e r 1161. I n t h e f i g u r e , i t i s apparent t h a t t h e t h i c k n e s s o f t h e l i q u i d -l i k e l a y e r , z, e s t i m a t e d i n t h e p r e s e n t work and t h a t o f F l e t c h e r show a reasonable agreement. The former i s s l i g h t l y smaller than the l a t t e r and drops more r a p i d l y as t h e temperature lowers. However, the numerically estimated value o f the i n t e g r a l f o r c e o r the pressure i s lower than t h e value o f equation (12) which uses i = 6 c o n d i t i o n . I n a d d i t i o n , there are a t t r a c t i v e p o t e n t i a l s i n hydrogen bond o f i c e w i t h i < 6 1211. This suggests t h a t the tendency o f the curve representing equation (12) i s l i k e l y t o move towards t h a t o f F l e t c h e r ' s curves.
Being based on our present viewpoint o f pressure melting, existence of the l i q u i dl i k e l a y e r i s p r e d i c t e d j u s t below the m e l t i n g p o i n t on the s o l i d phase o f substances which expanq during freezing. Such substances are n o t common and water belongs t o the category. For normal substances which s h r i n k during freezing, l i q u i dl i k e l a y e r formation should n o t happen and simple assignment o f t h e excessive f r e e energy a t the surface t o the phase e q u i l i b r i u m may produce a misleading r e s u l t o f the l i q u i d -l h k e l a y e r formation on any s o l i d surface.
